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INTRODUCTION 
Tillage research has been carried on for a long period of time. 
Prior to the establishment of the NTML^ in 1935, tillage irq>lements were 
developed mostly on the basis of field experience. The NTML afforded for 
the first time a concentration of test equipment, researchers, and a wide 
range of soil types. Full-sized tillage equipment .could be tested under 
controlled soil conditions and equipment operation in soil bins 20 feet 
wide by 250 feet long. 
Although the advantages of performing tillage machinery research at a 
facility such as the NTML far outweigh the disadvantages, there are some 
disadvantages. Two disadvantages are: (1) the cost is so great that 
probably only one such facility could be afforded in the United States, 
and (2) although two of the soil bins are enclosed in a building and the 
others can be covered, weather conditions still influence the amount and 
kind of research that can be carried on. A model tillage laboratory could 
overcome these disadvantages. 
The theory of similitude described by Murphy (11) provides a method 
by which physically smaller tillage tools (to be called models or model 
tillage tools) can be tested, and accurate predictions of the actions of 
real-sized tillage tools (to be called prototypes or prototype tillage 
tools) can be made. The model tillage laboratory could be small enough to 
be enclosed in a controlled environment and still be large enough for 
performing valid tillage research. The cost of such a laboratory would be 
^National Tillage Machinery Laboratory. 
2 
within the reach of publically and privately owned research institutions 
conducting tillage research. 
Since there are no well established quantitative expressions for 
describing the actions of tillage tools in soil, the analysis of a tillage 
tool-soil system according to the principles of similitude serves another 
very useful function. Measurements on a model system can be used to 
predict to a prototype systeni. If all variables were measured accurately 
and the predictions were not accurate, it could be concluded that not all 
the variables pertinent to the action of the tillage tool in the soil were 
included in the analysis and/or control of the included variables was not 
accomplished. The system can then be re-examined for new variables, and 
procedures for evaluating control of variables can be evaluated. 
Accurate predictions from model to prototype tillage tools have not 
been consistently made in previous work. Researchers in the past who have 
worked on model analyses of tillage tool-soil systems drew one or more of 
the following conclusions: (1) their list of pertinent soil variables 
was not complete, (2) they did not have good control of soil variables, 
and (3) they were unable to obtain accurate measurements of soil variables. 
This points out several problems in model tillage research which need 
further investigation. 
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OBJECTIVES 
This study was undertaken to pursue the following objectives: 
1. To evaluate the soil variables used in previous model tillage 
studies and modify the list of pertinent soil variables as deemed 
necessary; 
2. To examine the criteria used to evaluate the condition of a fitted 
soil bin and develop new criteria as deemed necessary; and 
3. To run prototype concave disk tests at the NTML and model tests 
at Iowa State University, and to make predictions from the model 
disks to the prototype disks. The information gained from 
execution of objectives 1 and 2 will be utilized in running these 
tests. 
REVIEW OF LITERATURE 
Model soil tillage laboratories are not new Lo tillage research. The 
action of small tillage implements in small soil bins has been studied for 
many years. Prior to about 1957, this work was mostly qualitative in 
nature. Bockhop (1) and McLeod (10) in their literature reviews found 
several researchers who had used tillage tools in small soil bins. In some 
instances, the researchers made force measurements and observations of the 
action of the tool on the soil; in other instances, the researchers tried 
to form mathematical relationships among dimensionless quantities formed 
from the variables they considered to be pertinent. In no instance were 
the principles of similitude used for the analysis of a tillage tool-soil 
system for the purpose of predicting from model to prototype tools. 
Bockhop (1) in 1957 realized the advantages of a model tillage 
laboratory and constructed one at the Agricultural Engineering Department 
at Iowa State University. This was the first instance in which a tillage 
tool-soil system was analyzed, using the principles of similitude, for the 
purpose of making predictions from model to prototype tillage tools. Since 
1957, several model tillage laboratories have been built (2, 3, 4, 5, 17, 
21), and the principles of similitude have been used in several instances 
for the purpose of making predictions from model to prototype (4, 5, 21). 
Bockhop considered the list of variables in Table 1 to be pertinent 
to a model tillage study. 
Four variables were eliminated from the study and the remaining 11 
variables were formed into eight dimensionless quantities called pi terms 
which were expressed in the following functional relationship: 
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Table 1. List of pertinent variables (Bockhop, 1) 
Notation Definition Dimension^ 
1. Rq Resultant force, draft F 
Rg Resultant force, lateral F 
Ry Resultant force, vertical F 
2. g Acceleration of gravity LT 
3. U Ratio of coefficient of friction 
(soil/metal : soil/steel) 
- 2  
Primary soil factors 
4. d Bulk density FL ^ 
5. m Moisture content in percent 
6. c Clay content in percent 
7. Temperature of soil tested 0 
8. T2 Temperature of the metal tested 0 
9. M Organic matter in percent 
10. Q Type of clay, ratio of swelling to 
-1 exchange capacity LF 
Design variables 
11. Angle of inclination 
12. B Disk angle 
13. V Velocity LT"^ 
14. L Diameter of disk L 
15. 'Aj All other pertinent lengths L 
= Force, L = Length, T = Time, 9 = Temperature. 
R/L^d = f (7\j/L, V^/Lg, V, cC , B, m, c) . 
Because all the design conditions could be satisfied, a true model was 
assumed. A 5-inch and a 10-inch concave disk were used for the study. 
These disks were models of a 26-inch plow disk. Tests were run in four 
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different soils: sand, Ida silty loam, Colo silty clay loam, and Luton 
silty clay. These soils ranged in clay content from 1.6 percent to 51.2 
percent. Tests were run in the sand at three different moisture levels; 
in the Ida at four different levels; in the Colo at three different levels; 
and in the Luton at one moisture level. 
- Bockhop concluded that the principles of similitude could be 
effectively utilized in tillage investigations to determine the influruce 
of soil and implement variables upon the resultant external forces of 
tillage implements. He also concluded that additional work was needed to 
determine the influence of all pertinent variables upon the resultant 
forces. In general, greater disagreement occurred as the moisture content 
and clay content increased. 
McLeod (10) in 1959 made some modifications to the model tillage 
laboratory, formed a new list of pertinent soil variables, and performed a 
distorted model study. His list of pertinent variables are shown in Table 
2. 
Nine pi terms were formed from this list of variables and were 
expressed in the following functional relationship: 
R/WD^ = f (Tv/D, V^/gD, OC , p, 0, M, C/TTD, A/WD) . 
Some preliminary tests showed that apparent adhesion. A, was not of 
much importance when compared to the other variables, and it was not 
considered to be pertinent to his study. 
The same soil was used in the model and prototype tests, and it was 
impossible to satisfy the design condition that Cj^/W^Dju = C/WD, which, for 
7 
Table 2. List of pertinent variables (McLeod, 10) 
Symbol Variable Dimensions 
1. » Rg > ^v Draft, side, vertical soil force F 
2. D Disk diameter L 
3. 
-h Other pertinent lengths L 
4. V Disk velocity lt" •1 
5. g Acceleration due to gravity lt" •2 
6. £< Disk horizontal angle-of-approach -
7. P Disk vertical-tilt angle -
8. w Soil bulk volume weight, wet basis fl" 3 
9. C Apparent cohesion fl" 2 
10. 0 Angle of shearing resistance -
11. A Apparent adhesion fl' 2 
12. M- Angle of soil-metal friction -
Wm = W, says that = C/n, where n = D/D[g. Since it was impossible to 
make Cm = C/n, McLeod used a distorted model system in his tests. McLeod 
used a 3-, a 6-, and a 12-inch concave disk for tests to determine the 
prediction factors for different distortion factors in four different 
soils. Sand, Ida silt loam, Colo silty clay loam, and Luton silty clay 
soils were used. 
After establishing a relationship between the prediction factor and 
distortion factor, McLeod ran a series of tests using the same disks in 
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the same soils prepared to the same conditions and the previously 
established prediction factors to predict from the 3-inch disk to the 6-
and 12-inch disks and to predict from the 6-inch disk to the 12-inch disk. 
McLeod concluded that the distorted-model system developed would 
predict the magnitude of soil force component on a concave disk with 
reasonable accuracy and reliability. He also concluded that the pertinent 
' 
soil variables which determine forces on a concave disk are (1) bulk 
volume weight, (2) apparent cohesion, (3) angle of shearing resistance, 
and (4) angle of soil-metal friction. He recommended further work on the 
techniques of measuring the soil variables. 
The scatter in McLeod's data indicates the need for closer control 
of soil preparation and/or a different method of evaluating the condition 
of the fitted bin. McLeod relied mainly on repetitious fitting procedures, 
moisture content, and bulk volume weight as criteria to evaluate the fitted 
bin. Although McLeod was able to obtain closer agreement in predictions 
of model to prototype than Bockhop, he did not really use the prediction 
procedures in a true prototype situation, since he predicted to the same 
tools that were used to establish the prediction relationships. 
A summary of the model work at Caterpillar Tractor Company during the 
past several years was given by Sullivan in a paper entitled "Earthmoving 
in Miniature" (21). Although the researchers at Caterpillar were 
interested in bulldozer blade and scraper design, the soil-tool relation­
ship appears to be similar to the soil-tillage tool relationship. The 
soil variables included in their analysis were (1) cohesion of soil, (2) 
angle of internal friction of soil, (3) coefficient of friction of soil on 
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metal, and (4) weight bulk density of soil. Artificial soils were 
utilized in the Caterpillar studies. Their work has been mainly for 
proving designs, and more qualitative than quantitative. 
Research in which the principles of similitude were utilized to study 
the actions of vertical chisels pulled through the soil has been conducted 
by Reaves at the NTML (8, 18), In the list of variables, besides the 
tool geometric description, he included (1) percent moisture, (2) wet bulk 
density, (3) cohesion, (4) angle of soil friction, (5) slope of stress-
strain curve, (6) coefficient of soil to metal sliding friction, and (7) 
acceleration of soil as the pertinent soil variables. 
Reaves used four chisels with different widths. Each of the small 
chisels was considered a model of the larger chisels. The chisels were 
all tested in the same soil preparation, and.hence all the model design 
conditions were not met. A. distorted-model system was utilized. 
Reaves was not able to accurately predict consistently from model to 
prototype and concluded that the fundamental behavior of soil in front of 
a chisel changed considerably with working depth of the chisel and that 
this was probably a main cause of the discrepancy in the results. 
Reaves (16, 22) also performed some chisel tests in artificial soils 
mainly to determine the feasibility of using artificial soils instead of 
real soils. In general, the agreement in the results from the artificial 
soils was better than that obtained in the real soils. He concluded that 
fundamental behavior changed less in the artificial soils used than in the 
real soils. 
Nichols and others (9, 12, 13, 14, 15) have shown that the action of 
disks and plows in soil is a series of shear failures. Cohesion (C) and 
angle of friction (0) describe the maximum shear strength of the soil. 
McLeod (10), Reaves (8, 16, 18, 22), and Caterpillar included C and 0 in 
their'list of pertinent soil variables. C and 0 do not say anything about 
the path required to get to the point of failure, i.e. the stress-strain 
relationship. Vanden Berg (23) points out the inq)ortance of soil 
stress-strain relationships in tillage studies, but at the same time 
points out the difficulty in obtaining these relationships. The need for 
soil strength variables in addition to C and 0 is established. Reaves (8) 
included the slope of the stress-strain curve in the list of variables. 
He does not discuss this point, but evidently he considered the stress-
strain relationship to be linear. 
11 
DISCUSSION OF PROBLEM 
Criteria for Evaluating Soil Condition 
A bulk volume weight measurement is an adequate indicator of soil 
density, but bulk volume weight is a rather insensitive indicator of the 
soil strength condition. This is because of the inaccuracy of the 
practical means of measuring bulk volume weight and the fact that soil 
gains considerable strength with little change in bulk volume weight. A 
measurement was needed for evaluating the strength condition of soil and 
which gave instantaneous readings and could be easily and quickly 
performed. Bulk volume weight samples have to be dried before bulk volume 
weights can be computed. Personnel at the NTML suggested that a 
penetrometer was much more sensitive to the soil strength condition than 
bulk volume weight. Civil engineering studies have pointed out the 
relationship between penetrometer reading and soil strength (6, 7, 19). 
Penetrometer readings are much easier and quicker to obtain than bulk 
volume weight samples or any of the direct soil strength measurements, and 
penetrometer measurements do not disturb as large an area in the soil. 
The author ran a preliminary test with a 30-degree by l/2-inch-
diameter cone penetrometer and a thin-walled, 1.6-inch-diameter bulk 
volume weight sampler in the Norfolk soil to determine the relationship 
between penetrometer reading and bulk volume weight. After each packing, 
the average bulk volume weight and average penetrometer reading over a 
1%-inch depth were obtained for three randomly selected locations in the 
bin. The results are shown in Figure 1. This plot points out the higher 
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Figure 1. - Penetrpmeter-bulk volume weight comparison 
sensitivity of the penetrometer reading to change in soil conçaction than 
bulk volume weight. (Penetrometer reading is the force on the penetrometer 
divided by the area of the cone base.) That is, the penetrometer reading 
reflected the rapid increase in soil strength as compaction increased. 
The penetrometer was used as an indicator of the strength condition 
of the soil after a bin had been fitted. The penetrometer provided not 
only a means of comparing one bin fitting with another, but also provided 
a means of evaluating the uniformity of the soil mass within a bin. 
Definition of Model System 
Definition of soil variables approach 
C, 0, and the slope of the stress-strain curve have been used in 
various model tillage studies as pertinent soil strength variables. The 
stress-strain relationship for soil is not necessarily linear as can be 
observed in Figure 2. These data were obtained from a triaxial shear test. 
The relationship necessary to describe thèse data would probably add more 
than one variable to the list of pertinent soil variables. 
A measurement such as strain energy might be an adequate soil 
strength parameter to describe the soil strength up to the point of 
failure. It can be shown that a strain energy measurement takes into 
account several soil strength variables. Consider a triaxial test in which 
S3 is the applied stress around the cylindrical surface and S^ is the 
axially applied deviator stress to cause failure. In general, a triaxial 
test is similar to the action of a tillage tool, such as a disk, in soil 
in that the soil is compressed until failure occurs in shear. The axial 
T 
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strain energy input to the column can be expressed as 
®max 
where Y = Energy per unit volume of soil, 
L = Length of test sample, 
e = Axial strain, 
®max = Strain at point of failure, 
Sg = Applied stress (see Spangler (section 19.17, 20)), 
Sjj = Deviator stress (Sq = as defined by Spangler 
(section 19.17, 20)). 
Therefore: 
S ®max ^ r^max 
d e + ^ J  
O O 
since S3 is a constant for any given test. Then, 
S3 1 . 
Y = — Gmax + — j Sjjde 
o 
Now consider e = h^g ^(S^) 
where h^g^) means holding S3 constant. 
Then de = hl„ . (Sq) dS Sy. = 0, when e = 0, and Sq = Sq when 
u u . " "max 
Substituting: 
Sc _ r 
- = L ^(S3)(SDmax) + -jr j ^Dh'(s^)(SD) dS 
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Using Coulomb's equation, maximum shearing stress = C + (normal stress) 
tan(3, and elementary strength of material considerations, Sn can be 
"max 
expressed in terms of C, 0, and S3. ^(S^) (S%)) is the stress-strain 
relationship for fixed values of S3, C, and 0. For tests in a given soil 
condition, C, 0, and h^g^jSjj would all be constant. The relationship 
Y = f(Sg) for this soil condition would need to be determined. For a 
different soil condition, f(S3) would probabJy change, and hence, have to 
be determined again. There are many different soils and soil conditions 
in which model tests would be run. The time required to determine f(S3) 
for all the possible situations would limit the scope of the testing 
program. 
There are other soil variables which need further investigations 
also. One would be the rate of strain effect on soil strength; another 
would be soil to tool frictional properties. 
Rather than try to isolate and measure all the pertinent soil 
variables as a means of obtaining a workable model system, the author felt 
there was another approach which would attain a workable model system 
without specific measurement of all the pertinent soil variables. 
Constant soil variables approach 
This approach was to manipulate the soil system in some predetermined 
manner to obtain accurate predictions from model tools to prototype tools. 
By manipulation, it is meant that the soil is fitted to a condition which 
is established by certain easily measurable criteria, and that these 
criteria are held constant for each tool size. By holding these criteria 
constant for each test, it is assumed that all the pertinent soil 
properties would be constant from test to test. These criteria could be 
picked on the basis of the qualitative descriptions of the actions of 
tillage tools in soils, i.e. soil strength is important because the soil 
fails in shear in front of a tillage tool, and a density measurement is 
important because the soil is accelerated, etc. These criteria would not 
necessarily be direct measurements of the important soil properties. 
The author chose to use the constant variables approach. Three 
criteria were chosen for control of soil fitting: (1) constant soil type, 
i.e. model and prototype both used in the same soil type, (2) constant 
moisture content and soil moisture history, and (3) constant average 
penetrometer reading over working depth of each tool. The first, criterion 
restricts the model and prototype to the same soil types. This is not a 
serious restriction since it is relatively easy to bring soil into the 
laboratory. The second criterion is not hard to control if the model 
laboratory is in a controlled environment. The third criterion can be 
satisfied by fitting the soil for each model test to a given average 
penetrometer measurement. Penetrometer measurements can be easily and 
quickly obtained. 
The implications of using equal average penetrometer readings to 
evaluate soil condition over the working depth of each tool needs further 
investigation. It is assumed that each tool is working in soil with equal 
soil properties regardless of the tool size. All the tools are assumed 
to be made of the same material. How does the constant soil properties 
assumption fit into the list of pertinent variables? The pertinent soil 
variables will be called A.^. The dimensions of the would be made up 
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of combinations of the basic dimensions of F (force), L (length), and T 
(time). Also, some A^ could be dimensionless. Aj_^ = A^, since all soil 
properties were assumed to be equal in all tool situations. According to 
the principles of similitude, the various A's are combined with other 
variables to form dimensionless quantities called pi terms, TT^^. As the 
design conditions TT^ = 77^. are examined, it is seen that it is impos-
im ^ 
sible to satisfy the design conditions involving the Aj^ which are not 
dimensionless. Distortion factors, introduced into these design 
conditions, i.e. ~ "Va- ^A-- For example, say the dimensions of Aj^ 
are FL~^, and that the pi term involving Aj^ is A^/WD, where W is soil 
bulk volume weight and D is the disk diameter. The design condition, 
(Aljjj/WntDm) = (A^/WD), reduces to (l/Dg^) = (1/D), since A^ and W were 
assumed to be equal in the model and prototype. For Djjj different from D, 
Ya^ is introduced to satisfy the equality, i.e. (l/D^) = (y^^/D) and 
Y A 2^ = (D/Do^) = n, the length scale. The Ya^ functions of n in the 
form YA. = n^^i. Since the Aj^ variables which are dimensionless are pi 
terms, the design conditions involving these pi terms are satisfied. 
Design of Model System 
The list of variables shown in Table 3 was considered pertinent in 
determining the soil forces acting on a disk. 
It was necessary to specifically define one soil variable whose 
dimensions included F so that it could combine with the average draft, E, 
to form a ir term. Bulk volume weight, W, was chosen for this purpose. 
There are ten variables with three different basic dimensions. Seven 
19 
Table 3. List of pertinent variables 
Symbol Variable Dimensions^ 
1. E Average draft force F 
2. D Disk diameter L 
3. All other pertinent lengths L 
4. V Disk velocity LT"^ 
5. Disk horizontal angle of approach -
6. Disk vertical tilt angle -
7. w Soil bulk volume weight FL"^ 
8. M Moisture content, % -
9. Ai Soil variables other than W and M whose 
dimensions combine from F, L, and T 
- ? 10. g Acceleration due to gravity LT~ 
^F = Force, L = Length, T = Time. 
^The angle between the line formed by the intersection of a 
horizontal plane with a plane containing the cutting edge of the disk and 
the line formed by the intersection of the same horizontal plane with a 
vertical plane in the direction of travel. 
^The angle of rotation necessary for the plane containing the 
cutting edge of the disk to become a vertical plane. 
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independent pi terms were formed by inspection and were expressed in a 
functional relationship for the prototype as follows: 
E/WD^ = f(7vj/D, V^/gD,tfC,p, M, and combinations of the with 
W, g, and D to form dimensionless terms) 
For the model 
^m^V^m = f(^jm/Dm, /gn^m» '^m» Pm> and combinations of 
the with W^, gm, and Dm to fcrm dimensionless 
terms) 
The design conditions are as follows: 
Design condition 1. = Aj/D , 
let D/Dgj = n, and n is called the. length scale. 
This condition was satisfied, or very nearly satisfied, in all cases as 
can be seen in Table 4. 
Table 4. Pertinent disk and furrow measurements 
Disk diameter 
Disk radius 
of curvature Depth of cut Width of cut 
3^ 3-19/32 23/32 3/4 
D 7-3/16 1-7/16 1-1/2 
12 14-3/8 2-7/8 3 
18 21-9/16 4-5/16 4-1/2 
24 28-3/4 5-3/4 6 
^All measurements have units of inches. 
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Design condition 2. 
v'. ,2 
Sn^m gD 
Since all disks were to be run in the same gravitational field, this 
condition reduces to 
Vm = V i/dJ^ = v/vHT 
This design, condition was used for selecting the velocities of the model 
tests. 
Design condition 3. ~ ^  satisfied for all tests. 
Design condition 4. = g. 
p was equal to zero for all tests. 
Design condition 5. The pi terms involving the soil variables have 
already been discussed. 
If the model system is distorted, a prediction factor, Ô, is needed; 
E/WD^ = ô(Em/WaD3m) -
The model system was distorted and à was expressed graphically as a func­
tion of n and the other pi terms not held constant for a particular 
series of tests. 
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EXPERIMENTAL BQUIPMEOT 
Model Tillage Laboratory 
Several difficulties concerning the model tillage laboratory equip­
ment used at Iowa State University became apparent as studies were 
carried out. The soil fitting was all handwork. The soil was hand hoed 
and was compacted by hand. This procedure was quite time consuming. 
There was some concern pertaining to the ability to fit one bin after 
» 
another so that the soil condition was the same each time. The soil 
densities obtained in the hand-fitting procedure were usually lower than 
those which would normally be encountered in the field. The velocities 
obtainable in the model laboratory when projected to a prototype situa­
tion were much slower than what might be encountered in the prototype 
situation. Thus, the need was established for mechanizing the soil-
fitting procedure and remodeling the driving mechanism in order to obtain 
higher velocities. 
Soil-fitting equipment and drives 
An overall view of the model soil laboratory after it was remodeled 
is shown in Figure 3. The framework in the foreground contains the soil-
fitting tools. The framework immediately behind it is a dynamometer stand. 
A closeup of the soil-fitting equipment is shown in Figure 4. The soil-
fitting tools included a rototi.iler for pulverizing the soil, a blade for 
leveling the soil surface, and a powered roller, for packing the soil. 
Figures 5 and 6 show the rototiller. The tiller tines are from a 
heavy-duty garden rototiller. The tiller was driven by the electric motor 
Figure 3. Model soil laboratory 
Figure 4. Soil-fitting equipment 
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Figure 5. RototilLer 
Figure 6. Rototiller in working position 
1 
i 
I 
through a belt drive and gear reducer seen on the right in Figure 6. The 
tiller was raised and lowered by means of double-acting electro-pneumatic 
rams. Adjustable stops adjacent to each of the rams provided a means of 
controlling the length of action of each cylinder. The tiller was 
positioned so that it worked the full bin depth as the bin of soil was 
slowly moved past the tiller. 
The blade was located in the center of the soil-fitting framework. 
A view of the blade is shown in Figure 7. The action of the blade in the 
soil is shown in Figure 8. The blade was 2 inches wide and was inclined 
at about 30 degrees with the horizontal so that the soil could move easily 
back over it. This blade design kept the soil surcharge constant and 
reduced the possibility of a compaction gradient from one end of the bin 
to the other due to the grading action. Air rams and adjustable stops 
were used for positioning the blade. 
The roller shown in Figures 9 and 10 was used to compact the soil. 
The roller had a 30-inch diameter and a 30-inch width. It was driven by 
means of a spur drive which starts with the clutched-gear box on the far 
side of the track in Figure 11, continues through the shaft which is 
supported by wooden blocks as seen best in Figure 3, and ends in a chain 
drive to the roller as can be partially seen in Figure 5. The drive was 
geared so that the peripheral velocity of the roller was exactly equal to 
the velocity of the bin of soil. Experience proved that a powered roller 
would reduce the cross-cracking in the bin that was common to an unpowered 
roller. Figure 10 shows a bin after it has been rolled. 
Air rams and adjacent adjustable stops provided a means of positioning 
Figure 7. Leveling blade 
Figure 8. Blading soil 
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Figure 9. Rolling the soil 
Figure 10. Rolled soil surface 
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the roller. The roller weighed about 400 pounds, and the net effect of 
the air cylinders was about 1000 pounds. The maximum force of the roller 
on the soil was about 1400 pounds. 
The maximum working pressure of the air cylinders was 350 pounds per 
square inch. The air tank in the background in Figure 10 was the source 
of compressed air. The air was metered to the rams at 350 psi. 
Preliminary tests indicated that bulk volume weights well in excess 
of bulk voluoje weights expected in the field were possible with this 
roller. However, three problems became apparent: (1) The bottoms of the 
bins were not strong enough. The roller produced large bulges in the bin 
bottoms between the supports. (2) The carriage on which the bins rode 
deflected excessively to produce an unlevel soil surface and a nonuniform 
state of compaction from end to end of the bin. (3) The variable speed 
drive did not have enough capacity to pull the roller in the soil nor to 
attain bin velocities much higher than those used by McLeod. 
The soil bins and soil bin carriage were redesigned and rebuilt to 
work satisfactorily. 
Figure 11 shows a variable speed drive with a low output speed which 
was used for driving the soil bins for soil-fitting operations. The soil 
bin carriage was hooked to the drives by means of a roller chain lying in 
the trough in the middle of the track. Figure 12 shows the variable speed 
drive with a high output speed which was used to drive the bin carriage 
for tests. Maximum obtainable speed was about 6 mph. The unit to the 
left of the track is a brake for stopping the bin. A large air cylinder 
was added to the drive mechanism for assisting the motor drive in 
Figure 11. Low speed drive for soil fitting 
Figure 12. High speed drive for running tests 
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accelerating the soil bin and then acting as a brake to stop the bin after 
it had passed the dynamometer stand. 
The dynamometer 
Figure 13 shows the universal dynamometer stand on which is attached 
the one-dimensional dynamometer used in this study. The crank to the left 
was connected to a screw (10 threads per inch) for moving the dynamometer 
horizontally across the tool bar.- The crank directly above the dynamome­
ter was also connected to a screw (10 threads per inch) for positioning 
the dynamometer vertically. Electro-pneumatic rams were used to swing 
the tool out of the way of the prepared soil (Figure 14). In this manner, 
after the tool had been positioned for a test, the cranks did not have to 
be turned to get the tool out of the way for nontest movement of the bin. 
Details of the dynamometer shown in Figures 13 and 14 are given in 
Figure 15. The dynamometer was essentially made up of four cantilever 
beams with ball bearings on their ends to which the tool mounting post was 
attached. Provision was made on the dynamometer for adjusting the 
horizontal angle of approach and the vertical tilt angle. 
SR-4 foil strain gages were mounted on the outer surface of the 
bottom beams and the under surface of the upper beams as close to the 
fixed supports as possible. With the gages placed in a bridge circuit as 
shown in Figure 15, the output from the bridge should give no indication 
of the moment about the vertical axis, the moment about the side axis, the 
moment about th-; axis in the direction of travel, and the side force. 
The signal will be a sum of the horizontal force and the vertical force. 
However, the sensitivity of the dynamometer to vertical forces is small 
Figure 13. Dynamometer stand 
Figure 14. Dynamometer swung up 
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Figure 15. One-dimensional dynamometer and strain gage bridge 
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when compared to the sensitivity to horizontal forces, as is shown in 
Appendix D. 
Tools and test equipment 
The 3-, 6-, and 12-inch disks used in the model tests are shown in 
Figure 16. The 12-inch disk was also used in the prototype tests. 
A tachometer generator was used'to indicate the speed of a soil bin; 
an event switch, by actuating an event marker on the oscillograph, 
indicated one-foot increments of bin travel. 
An overall view of the model soil laboratory as it looked during 
testing is shown in Figure 17. The recording oscillograph is an 8-channel 
Offner Type R Dynograph. 
Devices for measurement of soil properties 
Penetrometer measurements were taken as shown in Figure 18. Figure 
19 shows the cone penetrometer used. The included angle of the cone is 
30 degrees, and the area of the base of the cone is 0.20 inch^. The dial 
indicator in the proving ring indicates the penetrometer.reading in psi, 
which is the force necessary to push the cone into the soil divided by 
the area of the base of the cone. 
The thin-walled tube in Figure 20 was used to obtain bulk volume 
weight and moisture samples. 
Figure 16. Model disks used 
Figure 17. Model tillage laboratory ready for a test 

Figure 18. Penetrometer test 
« 
Figure 19. Cone penetrometer 

Figure 20. Soil sampler 
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Equipment Used at the NTML 
A general view of the outside soil bins at the NTML is shown in 
Figure 21. The bins are 250 feet long and 20 feet wide. The bins are 
separated by concrete walls, on top of which rest steel rails. The soil-
fitting and testing equipment travel on these rails. In this way, none 
of the equipment travels on the soil. The building to the right in Figure 
21 houses two bins. Figure 22 shows the interior of this building. 
The rototiller shown in Figure 23 was used to till the soil. The 
power car in the right of Figure 23 moves the tiller along the bin. 
Figure 24 shows the tiller lowered into position and tilling. 
The cross-tiller shown in Figure 25 consists of eight 1-inch-diameter 
bars which extend about 18 inches into the soil and travel perpendicular 
to the direction of travel. The cross-tiller was used to reduce the 
effects of overlapping of the rototiller on successive swaths and to make 
the soil more homogenous. 
The utility car shown in Figure 26 was used for leveling the soil 
surface after the tilling operations have been completed. The blade is 
shown in Figure 27. 
A V-wheeled roller and a flat roller were used to compact the soil. 
The V-wheeled roller was made up of a series of narrow V-shaped steel 
wheels about 24 inches in diameter. The wheels were spaced about 6 inches 
apart. This roller was used for subsurface packing. The flat roller was 
made up of a series of steel drums, the ends of which were filled with 
concrete and the balance filled with water. The drums were about 30 
inches in diameter and about 5 feet long. The flat roller was used for 
Figure 21. Soil bins at the HTML 
Figure 22. Interior of soil bin building 
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Figure 23. NTML rototiller 
Figure 24. NTML rototiller lowered for tilling 

Figure 25. NTML cross-tiller 
Figure 26. NTML utility car 
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surface packing. Both rollers extended the full width of a bin. 
The dynamometer car is shown in Figure 28. The power car is in the 
extreme ri^t, and the instrument car is in the left of Figure 28. Figure 
29 shows the 3-dimensional, strain-gage-instrumented dynamometer used, 
and how it is mounted to the positioning framework. The tool holder 
shown in Figure 30 mounts directly on the dynamometer. A tachometer 
generator was used for indicating the speed of the tool. The Offner 
Type R Dynograph and Texas Instruments X-Y recorder shown in Figure 31 
were used to record the data. 
Figure 27. Blade on the utility car 
Figure 28. NTML dynamometer car 
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gure 29. NTML 3-dimensional dynamometer Figure 30. Dynamometer with tool 
holder 
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Figure 31. Recording equipment used at NTML 
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EXPERIMENTAL PROCEDURE 
Experimental Plan 
An experiment was planned in which both model and prototype data 
were obtained. The model data were gathered in the model tillage 
laboratory in the Agricultural Engineering Department at Iowa State 
University; the prototype data were gathered at the NTML in Auburn, 
Alabama. Sufficient quantities of three soils from the bins at the NTML 
were brought to Ames and put in bins for the model tests. The soils and 
their mechanical analyses are shown in Table 5. These soils will be 
referred to as Norfolk, Congaree, and Decatur. The 3-, 6-, and 12-inch 
Table 5. Mechanical analysis of soils used 
Soil % Sand 7. Silt % Clay 
Norfolk sandy loam' 
Congaree silt loam 
Decatur silty clay loam 
70 
22 
19 
17 
60 
55 
13 
18 
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disks were used in the model tests; the 12-, 18-, and 24-inch disks were 
used in the prototype tests. 
Two sets of tests were planned. In one set the velocity of the tool 
was varied; in the other set the horizontal angle of approach of the tool 
was varied. In each casé only the draft force (force in the direction of 
travel) was measured. 
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Soil Fitting and Testing Procedure 
Prototype tests 
Soil fitting First, the soil was rototilled after which it was 
cross-tilled. After the cross-tilling, the soil surface was bladed level. 
Then the soil was packed with the subsurface V-wheeled packer to a depth 
of 6 to 8 inches and bladed again. Finally, the surface roller was 
applied to the soil until it appeared to be as dense as one would expect 
to find in the field. If needed, water was uniformly sprinkled on the 
soil before rototilling. This soil-fitting procedure has been used for some 
time at the OTML. It was the belief of the NTML personnel that this 
procedure resulted in the most uniform soil mass. 
Speed tests In the speed tests the horizontal angle of approach 
was held constant at 40 degrees. Each of the prototype tools was run at 
velocities of approximately 2, 4, and 6 mph. Three series of tests were 
run. Within a series, two tests of a given tool at each of the three 
velocities were run. All three velocities were run within a test, i.e., 
the tool was accelerated 'to 2 mph and the velocity held constant for about 
20 feet, then accelerated to 4 mph and held constant for about 20 feet, 
and finally accelerated to 6 mph and held constant for about 20 feet. 
The 12-inch disk was run first, then the 18-inch disk, and then the 24-
inch disk. Several opening passes were run for each disk to establish a 
typical furrow. This procedure provided maximum use of a soil bin. 
Angle tests In the prototype angle tests the velocity of each 
tool was approximately 3 mph. The angle of approach of the tool was 
constantly decreased from about 70 degrees to about 35 degrees at the 
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rate of 0.32 degree per foot of forward travel. Previous tests at the 
NTML indicated that at a given angle no difference existed between the 
draft obtained from a constantly varying angle test and a fixed angle 
test. Three series of tests were run. Within each series, each disk was 
tested twice in succession. Several opening passes were run for each disk 
to establish a typical furrow. Again, this procedure provided maximum use 
of the bin. The draft vs. angle curves were recorded on an X-Y recorder. 
Soil property measurements The bins were divided into nine 
sections, three sections within each of the three areas which corresponded 
to a series of tests. Within each section, penetrometer readings were 
taken at 1-inch increments of depth from 0 to 6 inches, and at two 
different randomly located test points. The bulk volume weight and 
moisture samples were obtained from depths of 0 to 2% inches, 2 to 4% 
inches, and 3% to 6 inches at one randomly located test point within each 
section. 
Model tests 
Soil fitting The soil was rototilled first, then bladed until a 
uniform and level soil surface was obtained, and finally the soil was 
rolled to a desired state of compaction. Penetrometer readings were taken 
and the average penetrometer reading over the working depth of the model 
tool to be tested was compared to the average penetrometer reading over 
the working depth of the prototype tool. The bin was only accepted for 
testing if the penetrometer readings in the soil for model and prototype 
compared closely and if the distribution of the penetrometer readings in 
a model bin was fairly uniform. 
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Initially, moisture was added to the bin until the desired level, 
was reached. The moisture was incorporated by the rototiller. The soil 
bin was compacted, covered with plastic, and left for about 18 hours. 
After the desired moisture level had been reached, experience showed that 
a little water could be sprinkled on the soil after each period of testing 
and that the moisture content remained fairly constant. When the soil bin 
was not in use, it was always covered with plastic. 
Speed tests Tests were run in the model bins at six different 
velocities which corresponded to the range of velocities of the particular 
prototype concerned. For the 3-inch and 6-inch tool, the tests were run 
from the lowest to the highest velocities as the tests proceeded across 
the bin. This was necessary in order to make maximum use of the bin by 
minimizing the number of opening runs to establish a typical furrow. 
There was room for only three runs of the 12-inch disk in one bin fitting. 
The first, third, and fifth velocities were run in one bin fitting; the 
second, fourth, and sixth velocities were run in another bin fitting. For 
all disks, each series of tests was run three times. The horizontal angle 
of approach was held constant at 40 degrees. 
Angle tests Tests in the model bins were run at six different 
angles: 35, 40, 45, 50, 55, and 60 degrees. Each of the three model 
disks was tested once at each of the six angles in one bin fitting. Each 
series of tests was run three times. The tests were run from lowest to 
highest angle as the tests proceeded across the bin. Opening passes were 
always run to establish typical furrows. This provided .maximum bin use. 
The velocity of a particular model disk was determined by the design 
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condition = V/\fn and the particular prototype which was being predicted 
to. Prototype velocity for all prototype disks was 3 mph. 
Soil property measurements Preliminary tests indicated that the 
center 5 feet of a fitted bin was uniform using penetrometer readings as 
a criterion. Penetrometer readings were taken across the bin at the ends 
and in the center of the 5-foot section. The readings were taken about 
6 inches from the edges of the bin and in the middle of the bin. The 
readings were taken at the 0-, 1/2-, and 1-inch depths for the 3-inch disk; 
at the 0-, 1/2-, and 1%-inch depths for the 6-inch disk; and at the 0-, 
1-, 2-, and 3-inch depths for the 12-inch disk. The penetrometer readings 
were averaged over all locations and plotted versus depth. The average 
penetrometer reading for the working depth of the tool was obtained by 
graphically integrating the area under the curve and dividing by the 
depth. One series of these plots for the model and prototype tools is 
shown in Figure 32. 
Six bulk volume weight and moisture samples were taken at the same 
locations as the penetrometer readings, but spaced far enough away to 
minimize the effects of the penetrometer readings. 
Data Collection 
Unfortunately the author was at the NTML at a time when it rained 
about every two days for a period of several months. This fact consider­
ably reduced the scope of the data sought for this study. 
The Norfolk soil at the NTML was located in a bin inside the building 
shown in Figure 22. Therefore, weather was not a factor in controlling 
Figure 32. Penetrometer reading versus depth 
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the conditions of this soil. Both the angle and speed tests were 
completed in the Norfolk soil. For predictions to the prototype tools, 
model angle and speed tests were completed in the Norfolk soil at Iowa 
State University, 
The Decatur and Congaree soils were both located in bins which were 
outdoors and could not be covered. During a 2-day period of sunshine 
the Decatur soil was repeatedly rototilled to dry it out. The rototilling 
left a host of relatively dry thumb-sized clods on the surface of the bin, 
while the balance of the soil in the bin remained wetter than would be 
considered a good field condition for tilling. However, due to fhe 
forecast of rain, the bin was fitted and speed tests were run. For predic­
tions to the prototype tools, model speed tests were completed in the 
Decatur soil at Iowa State University. 
The bin of Congaree soil at the NTML was too wet because of the fre­
quent rain and also because the internal bin drainage system:was not 
satisfactory. During a short period of fair weather, the soil was 
repeatedly rototilled to help dry the soil. After about 1% days, because 
of the threat of rain, the bin was fitted and speed tests were run. The 
soil remained too wet to be considered in good tillable condition. At 
Iowa State University, the bin of Congaree soil was fitted several times 
until it became impossible to pack the soil to the necessary condition to 
yield penetrometer readings equal to prototype readings. Therefore, the 
Congaree soil was abandoned. 
A summary of the soil conditions is shown in Tables 6, 7 and 8. 
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Table 6. Summary of Decatur soil data—speed tests 
Average 
Model Prototype Moisture Bulk volume weight penetrometer 
reading 
%--drv basis) (Ib/ft^—wet basis) (psi/2.5) 
3 12 16.0 112.0 41 
6 12 16.4 115.8 42 
12 12 16.2 107.6 42 
12 16.2 109.5 41 
3 18 15.7 111.5 40 
6 18 16.5 114.0 40 
12 18 16.1 105.9 40 
18 16.2 108.8 40 
3 24 15.9 112.2 38 
6 24 16.1 111.9 39 
12 24 15.8 106.3 38 
24 16.2 107.4 38 
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Table 7. Summary of Norfolk soil data--speed tests 
Average 
Model Prototype Moisture Bulk volume weight penetrometer 
_ reading 
(%--dry basis) (lb/ft --wet basis) (psi/2.5) 
3 
6 
12 
3 
6 
12 
3 
6 
12 
12 
12 
12 
12 
18 
18 
18 
18 
24 
24 
24 
24 
9.2 
8 . 8  
8.9 
9.1 
9.3 
8.9 
9.1 
9.1 
9.3 
8.9 
9.1 
9.1 
128.6 
123.2 
125.5 
127.4 
125.3 
122.1 
124.6 
125.3 
126 .1  
120.4 
123.2 
123.3 
80 
80 
81 
80 
75 
73 
74 
74 ' 
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71 
Table 8. Summary of Norfolk soil data—angle tests 
Average 
Model Prototype Moisture Bulk volume weight penetrometer 
reading 
(%—dry basis) (lb/ft—wet basis) (psi/2.5) 
3 
6 
12 
3 
6 
12 
12 
12 
12 
12 
18 
18 
18 
18 
8.3 
8.3 
8.3 
8.4 
8 . 2  
8.7 
8.3 
8.4 
123.5 
123.8 
120.6  
119.9 
122.7 
123.5 
118.7 
119.2 
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75 
74 
74 
74 
74 
73 
74 
3 
6 
12 
24 
24 
24 
24 
8 . 2  
8 . 6  
8.3 
8.4 
122.1 
123.1 
118.3 
118.0 
69 
67 
68 
68 
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Data Reduction and Processing 
Calculation of pi terms 
For the model and prototype speed tests and the model angle tests, 
the average drafts were calculated from areas obtained by planimetering 
the draft curves with a polar planimeter. This measurement was taken over 
about a 20-foot furrow length for the prototype tests, and about 5 feet 
for the model tests. The prototype angle test data were not reduced from 
the originally recorded X-Y plot of draft vs. angle. The test velocities 
were read directly from recordings. 
The IBM 7074 computer at the Iowa State University Computation Center 
was used to calculate the pi terms. The average drafts, velocities, and 
pi terms are tabulated in Appendix C. The pi term involving average draft 
was called the pi term involving velocity was called ir^, and the 
horizontal angle of approach was called tt^. 
Speed test predictions 
Plots of Tfj^ vs. TTj for the model speed tests in the Norfolk and 
Decatur soils are shown in Appendix A in Figures 42, 44, 46, and 48. For 
the 3- and 6-inch disks, an average value of was calculated for each 
fixed value of Tr^. Averages of were calculated when their associated 
TT^ values were nearly equal; otherwise an average value of tTj^ was not 
calculated for the 12-inch disk. For the 3-, 6-, and 12-inch disks, an 
average value of ir^ was calculated whenever values were averaged. 
These averages were tabulated in Tables 14 and 15 in Appendix C. 
The averaged and unaveraged values of and were plotted so that 
curves could be fitted to the data. These plots are shown in Figures 43, 
45, 47, and 49 in Appendix A. The curves in these figures were fitted by 
eye and drawn with the aid of a French curve. 
Values of ttj^ for various values of were taken from the curves in 
Figures 43, 45, 47, and 49 in Appendix A, and these values were used for 
calculating the prediction factor, 6, for n = 2 from the 3-inch to the 6-
inch disk and from the 6-inch to the 12-inch disk, and for n = 4 from the 
3-inch to the 12-inch disk. The calculated 5's are tabulated in Tables 
16, 17, .18, and 19 in Appendix C. 
The 6- and 12-inch model disks were used for predicting to the 18-
and 24-inch prototype disks. The value of ô = 1 for n = 1, the average of 
the two values of 6 for n = 2, and the value of 6 for n = 4 were plotted 
versus n for the 18-inch disk prediction data, and these plots are shown 
in Figures 52 and 53 in Appendix B. Curves were fitted by eye and the 
use of a French curve to these data points, and values of Ô for n = 1.5 
and for n = 3 were taken from these curves and were used for predicting to 
the 18-inch prototype disk. The average of the two values of 5 for n = 2 
(12-inch disk predicting to the 24-inch disk) and the value of ô for n = 4 
(6-inch disk predicting to the 24-inch disk) were used for predicting to 
the 24-inch prototype disk. The speed test predictions of and the 
prototype values of are shown in Figures 34; 35, 37, and 38. The model 
and prototype values of and for the 12-inch disk are shown in 
Figures 33 and 36. 
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Angle test predictions 
Plots of ir-^ vs. TTg from the model angle tests are shown in Figures 50 
and 51 in Appendix A. The average values of for each of the six values 
of TTg were used to calculate 6 for n = 2 (from the 3-inch to the 6-inch 
disk and from the 6-inch to the 12-inch disk), and for n = 4 (from the 
3-inch to the 12-inch disk). The average values of tt^ and the calculated 
ô's were tabulated in Tables 20 and 21 in Appendix C. 
The data from the 6- and 12-inch model disks were used for predicting 
to the 18- and 24-inch prototype disks. The value of ô = 1 for n = 1, the 
average of the two values of Ô for n = 2, and the value of ô for n = 4 
were plotted versus n for the 18-inch disk, and these plots are shown in 
Figure 54 in Appendix B. Curves were fitted by eye and the use of a French 
curve to these data points, and values of 6 for n = 1.5 and,for n = 3 were 
taken from these curves and were used for predicting to the 18-inch 
prototype disk. The average of the two values of Ô for n = 2 (12-inch 
disk predicting to' the 24-inch disk) and the value of 5 for n = 4 (6-inch 
disk predicting to the 24-inch disk) were used for predicting to the 
24-inch prototype disk. Predictions were made of average draft force for 
the angle tests because the prototype tests were recorded as an X-Y plot 
of draft vs. tt^. The angle test predictions of average draft and the 
prototype draft curves are shown in Figures 40 and 41. Each of the photos 
within a figure corresponds to a series of tests. The two different 
colored traces were the two runs within a series. The model values of 
average draft and the prototype draft curves for the 12-inch disk are 
shown in Figure 39. 
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DISCUSSION OF RESULTS 
Speed Tests 
Decatur 
The draft pi term, from the 12-inch model tests tended to be 
larger than TTi from the 12-inch prototype tests as can be seen in Figure 
33. The difference became larger as the speed pi term, increased. The 
lack of agreement between model and prototype was probably due to the dif­
ference in soil condition. At the HTML the soil was in a state of drying 
from field capacity, while the soil in the model bins was at or near an 
equilibrium moisture condition. In order to dry the soil at the NTML, it 
was necessary to repeatedly operate the rototiller. A little water was 
added before each bin fitting to keep the moisture content of the soil in 
the model bins as constant as possible. The surface 1 to 1% inches of soil 
in the prototype bin was made up of dry aggregates, while the remainder of 
the soil was too wet. The soil in the model bin was uniform. It was im­
possible to completely simulate the prototype soil conditions in the model 
bin. The difference in soil condition between model and prototype was 
large enough to cause the difference in TTj^ from the model and prototype. 
The predictions of TTi from 6- and 12-inch model tools to the 18- and 
24-inch prototype tools are shown in Figures 34 and 35. The predicted ir^ 
from the 6- and 12-inch disks became larger than the 18-inch prototype tTj^ 
as" TT^ increased. This was also true for the predicted tTJ^ from the 12-inch 
model disk to the 24-inch prototype disk. However, the predicted from 
the 6-inch model disk to the 24-inch prototype disk tended to be slightly 
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lower than the prototype iTj^ for all values of TTg. The discrepancy in the 
6- and 12-inch predictions to the 24-inch prototype disk is explained by 
the discrepancy in the two values of ô for n = 2 in Table 17 in Appendix 
C. The discrepancy in the TTi predicted from the 6- and 12-inch model disks 
and 18-inch prototype ir-^, as well as the discrepancy in the iTi predicted 
from the 12-inch model tool and the 24-inch prototype T-^, had the same 
trend as the discrepancy in irj_ from the 12-inch model and tTj^ from the 12-
inch prototype. This also indicates a difference in soil conditions 
between model and prototype. 
Norfolk 
In Figure 36, from the 12-inch prototype agreed with tTj^ from the 
12-inch model at low values of but as tt^ increased, from the model 
tended to be less than TT^ from the prototype. 
The predictions of ir-^ from the 6- and 12-inch model disks to the 18-
and 24-inch prototype disks are shown in Figures 37 and 38. The trends of 
the discrepancy of the predicted and the prototype Ti were the same as 
the discrepancy between tt-^ for the 12-inch model and prototype. The 
discrepancy increased as increased. 
The criteria of soil condition for fitting were met in all cases. 
The moisture content and average penetrometer reading over the working 
depth of the tool were held constant. No apparent difference in soil con­
dition was observed. One factor which might have influenced the results 
was that the properties of the soil which are dependent on the speed of 
the tool were not held constant from tool to tool. However, this does not 
explain the discrepancy in the 12-inch model and prototype results. 
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Angle Tests 
Norfolk 
The average draft from the 12-inch model tests was superimposed on 
the X-Y plots of draft versus the horizontal angle of approach, cC = tt^, 
from the 12-inch prototype tests, and the results are shown in Figure 39. 
Each photo was from one series of prototype tests, and the two differently 
colored curves were two different test runs within each series. The 
average drafts from all three series of 12-inch model tests are shown in 
each photo. There was good agreement between the 12-inch model and proto­
type. 
The average draft from the model for irg = 35 was inconsistent with the 
trend of the prototype draft, and was inconsistent with the average drafts 
of the 12-inch model tests used for predictions. The back surface of all 
the disks, model and prototype, was ground so that there would be no drag 
between the disk and the furrow wall for TTg > 35. The only obvious expla­
nation for the increase in the average draft of the 12-inch model at = 
35 was that perhaps soil adhered to the back edge of the disk and the 
frictional drag increased the draft. 
The predictions of draft from the 6- and 12-inch model disks to the 
18- and 24-inch prototype disks were superimposed on the X-Y plots of draft 
versus ir^ from prototype tests, and the results are shown in Figures 40 and 
41. The 18- and 24-inch prototype drafts were plotted the same way as the 
12-inch prototype draft. The predictions of average draft from the 6- and 
12-inch model disks to the 18- and 24-inch prototype disks were considered 
very good. These predictions were better than the Norfolk speed test 
predictions. 
There was no change in soil-fitting procedure which would have made 
the angle test predictions better than the speed test predictions. At 
higher speeds in the 12-inch model tests, the soil came off the disk and 
hit the dynamometer frame, and this may have caused some relief on the 
disk and, hence, a lower draft. The TT^ for the angle tests ranged from 
0.3 to 0.6, and at these speeds soil did not hit the dynamometer stand. 
Also, there was good agreement between the 12-inch model and prototype 
drafts from the Norfolk speed tests for the low values of For the 
speed tests in the Decatur soil, this reasoning does not hold since 
predicted TTj^ values tended to be higher than the prototype TT-^, but this 
situation was further complicated by dissimilar soil conditions. 
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Figure 39. (Continued) 
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Figure 40. Norfolk-18-inch prototype disk -- predicted and prototype 
TTi VS. TTg 
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Figure 41. (Continued) 
96 
97 
LIMITATIONS OF THIS STUDY AND SUGGESTED FUTURE STUDY 
The data gathered in this study were very limited. The scope of the 
data gathered in this study was considerably reduced because of bad 
weather, inadequate equipment, and lack of time. There were not enough 
data to draw a definite conclusion 'on using penetrometer reading as an 
index of holding the soil constant for all sizes of tools used. Sufficient 
data should be gathered so that a definite conclusion on the penetrometer 
can be drawn. If penetrometer readings are an adequate evaluation of 
soil condition for the model system proposed in this study, then a number 
of things might be investigated. One area would be to try the system on 
other types of tools such as plows, chisels, rototillers, etc. Another 
area of interest would be to try to measure individual soil properties and 
to determine the effects these properties have on the soil-tool reactions. 
If penetrometer readings are not found to be an adequate indication, 
of soil condition, then other easily measurable quantities should be in­
vestigated for use in the model system suggested in this study. After all 
possibilities in this approach are exhausted, then determination and 
accurate measurement of all the pertinent soil variables could again be 
attempted. 
In future studies, the analog computer and X-Y plotter should be used 
whenever possible for on-line data processing. Utilizing these instru­
ments could considerably reduce data reduction time and provide a means 
of recording the answers at the time of testing. Discrepancies would be 
evident immediately and all procedures could be checked for errors. 
4 
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SUMMARY AND CONCLUSIONS 
The prediction of the forces acting on prototype tillage tools from 
the measured forces acting on model tillage tools by utilizing the princi­
ples of similitude has been investigated by several researchers. In 
general, it was concluded the principles of similitude could be effectively 
used in tillage investigations to determine the influence of soil and tool 
variables upon the resultant forces on tillage tools. However, it was 
also observed that further investigation into the variables pertinent to 
such a study was needed, and that better methods of soil, fitting and more 
accurate methods of measuring soil variables were needed. 
It was apparent that principles of similitude could be effectively 
used in tillage research, but that there were several problems in model 
tillage research which needed further investigation. This study was 
undertaken to pursue the following objectives: 
1. To evaluate the soil variables used in previous model tillage 
studies and modify the list of pertinent soil variables as deemed neces­
sary; 
2. To examine the criteria used to evaluate the condition of a 
fitted soil bin and develop new criteria as deemed necessary; and 
3. To run prototype concave disk tests at the NTML and model tests 
at Iowa State University, and to make predictions from the model disks to 
the prototype disks. The information gained from execution of objectives 
1 and 2 will be utilized in running these tests. 
Model tests were run in the model tillage laboratory at Iowa State 
University; prototype tests were run at the National Tillage Machinery 
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Laboratory at Auburn, Alabama. Two soils were used, Norfolk sandy loam, 
and Decatur silty clay loam. Two series of tests were run in the Norfolk 
soil; in one series, the velocity was varied, and in the other series the 
angle of approach, «C, was varied. Only one series, in which the velocity 
was varied, was run in the Decatur. Disks having diameters of 3-, 6-, and 
12 inches were used for the model tests; disks having diameters of 12-, 
18-, and 24 inches were used in the prototype tests. 
Bulk volume weights of the soil were obtained. Penetrometer readings 
were used to indicate the strength condition of the soil. Penetrometer 
readings were used to evaluate the uniformity of the soil within a bin and 
to compare one soil fitting with another. 
Rather than try to isolate and accurately measure pertinent soil 
variables, an attempt was made to hold the soil properties constant for 
each tool used. To hold the soil constant, three criteria were chosen for 
control of soil fitting. These criteria, were; (1) constant soil type, 
i.e. model and prototype tools both tested in the same soil type, (2) 
constant moisture content and soil moisture history, and (3) constant 
average penetrometer reading over the working depth of each tool. 
The following list of variables was considered pertinent to deter­
mining the draft force on a disk: 
Symbol Variable Dimensions 
1. S Average draft force F 
2. D Disk diameter L 
3. Aj All other pertinent lengths L 
4. V Disk velocity LT"^ 
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5. (je Disk horizontal angle of approach ' -
6. P Disk vertical tilt angle -
7. w Soil bulk volume weight FL 
8. M Moisture content, percent 
-
9. Ai Soil variables, other than W and M, whose 
dimensions combine from Che basic 
dimensions, F, L, and T 
10. g Acceleration due to gravity LT~^ 
Seven independent pi terms were formed; these pi terms are expressed in 
the following functional equation: 
E/WD^ = f(>vj/D, V^/gD, CC , g, M, and combinations of the 
ÂjL with W, g, and D to form dimensionless terms) 
The design conditions, = TT^., for all the not dimensionless could 
im ^ 
not be satisfied; therefore, distortion factors, 7^., were introduced. 
These were all functions of the length scale, n, i.e. Ya- ~ f^Cn). 
A prediction factor, 6, was included for predicting from the model to the 
prototype tools, i.e. 
The model tests were used to establish the relationship between Ô and 
n. The 6- and 12-inch model disks were used to predict to the 18- and 24-
inch prototype disks. The 12-inch model and prototype tests were compared 
and were used to evaluate the conditions of testing for the model and 
prototype tests; i.e. good agreement in 12-inch model and prototype tests 
indicated the conditions were the same for the model and prototype tests. 
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The predicted for the Decatur and the Norfolk speed tests did not 
agree with the prototype ir^ for all values of The 12-inch model and 
prototype TTj^ for these tests did not agree either. The discrepancies in 
the predicted and prototype tended to be similar to the discrepancies 
in the respective 12-inch model and prototype TTj^. 
The average drafts from the 12-inch model angle tests were in good 
agreement with the drafts from 12-inch prototype angle tests. The 
predicted average drafts for the Norfolk angle tests were in good agree­
ment with the prototype drafts. 
From the results of this study, the following conclusions were drawn: 
1. The penetrometer provided a more sensitive measurement of soil 
condition than bulk volume weight. Penetrometer measurements provided a 
good means for evaluating the uniformity of the soil within a bin and for 
comparing one fitted bin with another. 
2. Using the same soil, holding the moisture content constant, and 
fitting the soil so that the average penetrometer reading over the working 
depth of each tool is constant seem to provide a soil condition that is 
constant for each tool in the model and prototype tests. 
3. Good predictions of draft in the angle tests were made from the 
6- and 12-inch model disks to the 18- and 24-inch prototype disks used in 
the Norfolk soil. The results of the angle tests indicated that, when the 
12-inch model and prototype test results were in good agreement, the pre­
dictions from model disks to prototype disks were in good agreement. The 
results of the speed tests in the Norfolk and Decatur soils indicated that 
the discrepancies in the predictions from model to prototype were similar 
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to the discrepancies in the 12-inch model and prototype results. It 
appears that the draft acting on a prototype tool can be accurately 
predicted from draft measurements on a model tool by using the techniques 
described in this study. More data should be gathered for further 
evaluation of the techniques. 
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APPENDIX A 
TTj^  VS. TTj and vs. TTg 
(TI = E/WD^ , 175 = V^ /gD, and TTg = OC ) 
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APPENDIX B 
ô vs. n for 18-Inch Prototype Disk 
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APPENDIX C 
Pertinent Data 
(tt^ * E/WD^, TT^ * V^/gD, and TTg =cC ) 
Table 9. Decatur - prototype speed tests 
Test Run 1 Run 2 
Disk series iTg tt^ 
1 0.621 
0.767 
1.14 
0.244 
0.793 
1.80 
0.475 
0.723 
1.06 
0.244 
0.841 
1.84 
2 0.402 
0.694 
0.825 
0.227 
0.906 
1.89 
0.445 
0.635 
0.832 
0.271 
0.906 
1.84 
3 0.467 
0.628 
0.931 
0.252 
0.890 
1.89 
0.482 
0.650 
0.840 
0.244 
0.841 
1.84 
1 0.321 
0.430 
0.594 
0.174 
0.582 
1.24 
0.289 
0.395 
0.498 
0.168 
0.560 
1.23 
2 0.259 
• 0.357 
0.493 
0.187 
0.560 
1.26 
0.272 
0.359 
0.479 
0.174 
0.560 
1.26 
3 0.242 
0.338 
0.430 
0.151 
0.582 
1.29 
0.255 
0.351 
0.455 
0.157 
0.627 
1.24 
1 0.200 
0.258 
0.368 
0.131 
0.470 
0.946 
0.189 
0.286 
0.395 
0.135 
0.453 
0.946 
2 0.182 
0.235 
0.314 
0.122 
0.453 
0.958 
0.184 
0.237 
0.314 
0.122 
0.470 
0.922 
Table 9. (Continued) 
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Test Run 1 Run 2 
Disk series tt-^ rr^  
24 3 0.177 0.113 0.172 0.101 
0.258 0.428 0.247 0.428 
0.307 0.946 0.333 0.946 
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Table 10. Norfolk - prototype speed tests 
Test Run 1 Run 2 
Disk series TT^ ir^ 
1 0.424 0.289 0.433 0.289 
0.675 1.03 0.603 1.01 
0.754 1.89 0.801 1.96 
2 0.276 0.210 0.352 0.244 
0.484 0.841 0.534 0.857 
0.578 1.87 0.622 1.80 
3 0.354 0.299 0.352 0.318 
0.590 0.975 0.515 1.01 
0.801 2.09 0.691 2.09 
1 0.233 0.206 0.182 0.162 
0.231 0.616 " 0.260 0.593 
0.303 1.15 0.340 1.23 
2 0.202 0.157 0.182 0.130 
0.298 0.560 0.293 0.518 
0.314 1.18 0.348 1.36 
3 0.199 0.162 0.200 ' ^0.187 
0.279 0.560 0.298 0.673 
0.39b 1.26 0.374 1.36 
24 1 
2 
0.142 0.122 
0.225 0.428 
0.274 0.886 
0.130 0.140 
0.201 0.428 
0.231 0.982 
0.116 0.122 
0.156 0.487 
0.221 0.995 
0.136 0.122 
0.166 0.404 
0.264 0.946 
0.120 0.145 
0.187 0.470 
0.266 0.982 
0.091 0.140 
0.144 0.487 
0.233 0.995 
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Table 11. Decatur - model speed tests 
Disk Run 1 Run 2 Run 3 
Proto-
Model type Ti'i ir-^ 
4.14 0.267 3.71 0.267 3.76 0.267 
4.25 0.639 3.99 0.658 4.21 0.677 
4.36 1.07 3.88 1.07 4.55 1.07 
4.77 1.47 3.88 1.47 4.38 1.47 
4.71 1.86 4.34 1.86 4.33 1.86 
4.82 2.41 4.28 2.41 4.89 2.41 
3.84 0.179 3.34 0.179 4.07 0.179 
3.84 0.433 3.63 0.433 4.31 0.433 
4.29 0.716 3.80 0.696 4.13 0.696 
4.17 0.975 3.92 0.975 4.42 0.952 
4.00 1.25 4.15 1.27 4.77 1.25 
4.29 1.61 4.03 1.61 4.77 1.61 
3.86 0.133 3.41 0.133 3.79 0.133 
3.86 0.292 3.41 0.267 3.73 0.292 
4.14 0.531 3.64 0.531 4.27 0.514 
4.19 0.757 3.70 0.736 3.79 0.736 
3.86 0.929 . 4.15 0.952 4.39 0.952 
4.63 1.19 3.98 1.22 4.09 1.19 
1.36 0.266 - 1.52 0.274 1.50 0.274 
1.76 0.663 1.78 0.650 1.65 0.677 
2.06 1.06 1.91 1.06 1.81 1.10 
1.92 1.43 2.08 1.35 2.06 1.35 
2.13 1.88 2.13 1.88 2.10 2.00 
2.24 2.49 2.48 2.49 2.15 2.43 
1.34 0.180 1.38 0.180 1.37 0.180 
1.50 0.442 1.63 0.453 1.64 0.453 
1.60 0.719 1.78 0.719 1.75 0.691 
1.65 0.995 1.73 0.995 1.85 0.995 
1.75 1.20 1.86 1.24 1.97 1.20 
1.90 1.61 2.05 1.55 2.05 1.55 
1.10 0.134 1.23 0.134 1.34 0.134 
1.28 0.329 1.30 0.329 1.46 0.338 
1.38 0.535 1.41 0.535 1.58 0.535 
1.43 0.747 1.43 0.719 1.53 0.747 
1.55 0.930 1.51 0.930 1.63 0.930 
1.61 1.17 1.53 1.17 1.79 1.20 
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Table 11. (Continued) 
Disk Run 1 Run 2 Run 3 
Proto-
Model type 
^1 ^5 ^1 ^5 n ^5 
12 12 0.536 0.267 0.616 0.267 0.698 0.261 
0.952 1.09 0.924 1.09 1.14 1.25 
1.09 1.45 1.18 1.58 1.18 1.95 
0.699 0.803 0.646 0.777 0.737 0.726 
1.29 1.45 1.12 1.31 1.13 1.45 
0.727 1.28 1.30 2.12 1.21 2.16 
12 18 0.440 0.189 0.505 0.179 0.609 0.160 
0.733 0.726 0.724 0.677 0.845 0.777 
1.01 1.25 0.929 1.12 0.972 0.138 
0.517 0.441 0.601 0.465 0.538 0.465 
0.884 1.03 0.884 1.06 0.888 1.12 
1.09 1.60 1.25 1.67 0.753 0.998 
12 24 0.385 0.133 0.470 0.133 0.548 0.129 
0.652 0.514 0.636 0.523 0.705 0.514 
0.871 0.940 0.773 0.940 0.867 0.940 
0.472 0.318 0.487 0.359 0.563 0.359 
0.710 0.677 0.863 0.726 0.744 0.777 
0.953 1.12 0.910 1.12 0.954 1.42 
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Table 12. Norfolk - model speed tests 
Disk Run 1 Run 2 Run 3 
Proto- ^ -
Model type TTg tt^  tTj^ tt^  
12 2.77 0.267 2.59 0.267 2.23 0.267 
2.77 0.639 2.92 0.639 2.56 0.658 
2.98 1.07 3.12 1.07 2.81 1.07 
3.20 1.47 3.26 1.47 2.76 1.47 
3.30 1.75 3.45 1.83 3.14 1.83 
3.57 2.33 3.50 2.33 3.39 2.33 
18 2.18 0.179 2.44 0.179 2.12 0.179 
2.33 0.433 2.65 0.433 2.48 0.433 
2.69 0.716 2.90 0.716 2.68 0.716 
2.84 0.975 3.06 0.975 2.84 0.975 
2.94 1.25 3.16 1.27 2.99 1.22 
3.24 1.55 3.26 1.61 3.30 1.61 
24 1.82 0.133 1.92 0.133 1.73 0.133 
1.97 0.280 2.13 0.267 1.94 0.267 
2.02 0.531 1.92 0.531 2.21 0.531 
2.11 0.716 2.23 0.716 2.38 0.736 
2.21 0.952 2.33 0.952 2.43 0.929 
2.30 1.17 2.53 1.17 2.38 1.19 
12 0.902 0.266 0.912 0.266 0.855 0.266 
1.01 0.650 1.03 0.663 0.984 0.650 
1.10 1.06 1.14 1.06 1.10 1.06 
1.21 1.43 1.23 1.43 1.18 1.43 
1.30 1.77 1.28 1.77 1.26 1.77 
1..35 2.24 1.28 2.24 1.37 2.24 
18 0.829 0.180 0.785 0.180 1.00 0.180 
0.999 0.442 0.903 0.442 1.04 0.442 
1.07 -0.705 0.942 0.705 1.04 0.691 
1.10 0.995 1.04 0.978 1.11 0.946 
1.23 1.20 1.07 1.20 1.14 1.20 
1.25 1.58 1.09 1.55 1.17 1.55 
24 0.790 0.128 0.749 0.134 0.753 0.134 
0.914 0.338 0.822 0.338 0.840 0.329 
1.03 0.535 0.903 0.585 0.935 0.535 
1.10 0.719 0.969 0.719 0.941 0.733 
1.12 0.930 1.06 0.930 1.04 0.930 
1.14 1.28 1.06 1.20 1.08 1.20 
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Table 12. (Continued) 
Disk Run 1 Run 2 Run 3 
Proto-
Mode 1 type 
^1 TTs ^1 ^5 TTl ^5 
12 12 0.339 0.267 0.353 0.267 0.337 0.267 
0.475 1.12 0.541 1.06 0.528 . 1.03 
0.618 1.91 0.596 1.75 0.580 1.75 
0.533 0.629 0.448 0.677 0.500 0.629 
0.584 1.38 0.607 1.60 0.612 1.67 
0.716 2.61 0.703 2;56 0.672 2.16 
12 18 0.272 0.174 0.313 0.179 0.323 0.179 
0.377 0,677 0.418 0.677 0.420 0.677 
0.450 1.18 0.482 1.15 0.513 1.25 
0-353 0.426 0.392 0.433 0.392 0.433 
0.481 0.884 0.477 0.884 0.463 0.940 
0.604 1.45 0.578 1.49 0.594 1.45 
12 24 0.270 0.129 0.268 0.137 0.271 0.133 
0.354 0.531 0.349 0.523 0.343 0.531 
. 0,411 0.884 0.437 0.940 0.420 0.940 
0.316 0.325 0.343 0.325 0.300 0.325 
0.389 0.701 0.416 0.726 0.376 0.677 
0.434 1.12 0.461 1.18 0.427 1.12 
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Table 13. Norfolk - model angle tests 
Disk Run 1 Run 2 Run 3 
Proto-
Mode 1 type TTg TTj^ TT^ TTj^ TTg 
12 35 
40 
45 
50 
55 
60 
2.57 
2.67 
2.67 
2.88 
3.18 
3.44 
0.602 
0.602 
0.620 
0.620 
0.602 
0.602 
2.53 
2.58 
2.74 
2.85 
3.06 
3.32 
0.602 
0.602 
0.602 
0.620 
0.620 
0.602 
2.67 
2.93 
3.39 
3.39 
3.19 
3.50 
0.602 
0.602 
0.620 
0.602 
0.602 
0.602 
3 18 35 2.33 0.418 2.35 0.403 2.52 0.418 
40 2.39 0.403 2.50 0.388 2.57 0.418 
45 2.49 0.403 2.50 0.388 2.62 0.433 
50 2.75 0.403 2.61 0.388 2.94 0.433 
55 2.80 0.418 2.92 0.388 3.09 0.433 
60 3.01 0.418 3.13 0.388 3.25 0.433 
3 24 35 2.30 0.305 2.23 0.292 2.13 0.318 
40 2.30 0.305 2.18 0.305 2.33 0.292 
45 2.72 0.305 2.34 0,305 •2.49 0.292 
50 2.62 0.292 2.44 0.305 2.49 0.292 
55 2.72 0.305 2.66 0,305 2.75 0.292 
60 2.93 0.305 2.82 0.305 2.90 0.292 
6 12 35 0.907 0.597 0.959 0.610 0.900 0.610 
40 0.939 0.597 1.01 0.610 0.992 0.610 
45 1.07 0.597 1.00 0.597 1.02 0,597 
50 1.07 0.585 1.08 0.610 1.07 0.597 
55 1.13 0.585 1.11 0.610 1.17 0.597 
60 1.24 0.585 1.28 0.610 1.32 0.585 
6 18 35 0.887 0.399 0.843 0.399 0.913 0.399 
40 0.926 0.399 0.908 0.410 0.965 0.399 
45 0.952 0.399 0.992 0.410 0.991 0.399 
50 0.997 0.399 1.00 0.410 1.05 0.399 
55 1.13 0.399 1.07 0.420 1.11 0.399 
60 1.17 0.399 1.17 0.410 1.23 0.399 
6 24 35 0.783 0.310 0.777 0.301 0.792 0.310 
40 0.835 0.301 0.816 0.292 0.824 0.310 
45 0.848 0.301 0.868 0.292 0.889 0.310 
50 0.940 0.310 0.952 0.301 0.986 0.310 
55 1.03 0.310 1.08 0.301 1.04 0.301 
60 1.12 0.310 ~ 1.10 0.292 ,1.15 0.301 
143 
Table 13. (Continued) 
Disk Run 1 Run 2 Run 3 
Proto­
Model type 
^1 ^5 TTl ^5 ^1 ^5 
12 12 35 0.496 0.602 0.542 0.602 0.512 0.602 
40 0.420 0.606 0.514 0.602 0.304 0.602 
45 0.475 0.602 0.526 0.602 0.508 0.602 
50 0.529 0.602 0.616 0.602 0.594 0.602 
55 0.647 0.602 0.715 0.575 0.698 0.593 
60 0.723 0.584 0.735 0.575 0.739 0.584 
12 18 35 0.387 0.403 0.340 0.426 0.368 0.418 
40 0.378 0.403 0.391 0.426 0.355 0.418 
45 0.399 0.403 0.420 0.426 0.402 0.410 
50 0.487 0.403 0.462 0.418 0.474 0.418 
55 0.546 0.395 0.563 0.418 0.533 0.410 
60 0.643 0.388 0.664 0.410 0.613 0.403 
12 24 35 0.343 0.312 0.374 0.292 0.328 0.318 
40 0.353 0.312 0.338 0.292 0.327 0.318 
45 0.367 0.312 0.363 0.292 0.354 0.318 
50 0.426 0.312 0.435 0.292 0.414 0.312 
55 0.532 0.299 0.516 0.292 0.448 0.312 
60 0.591 0.305 0.537 0.292 0.558 0.305 
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Table 14. Decatur - model speed - experimental averages plotted 
in Figures 43 and 45 
Disk 
Model Prototype ^1 ^5 
3 18 3.75 0.179 
3.93 0.433 
4.07 0.703 
4.17 0.967 
4.31 1.26 
4.36 1.61 
24 3.69 0.133 
3.67 0.234 
4.02 0.525 
3.89 0.743 
4.13 0.944 
4.23 1.20 
6 18 1.36 0.180 
1.59 0.449 
1.71 0.710 
1.74 0.995 
1.86 1.21 
2.00 1.57 
24 1.22 0.134 
1.35 0.332 
1.46 0.535 
1.46 0.738 
1.56 0.930 
1.64 1.18 
12 18 0.518 0.176 
0.552 0.457 
0.767 0.727 
0.753 0.998 
4.896 1.08 
1.01 1.25 
0.97 2 1.38 
24 0.468 0.132 
0.507 0.345 
0.664. 0.517 
0.772 0.727 
0.837 0.940 
0.932 1.12 
0.954 1.42 
145 
Table 15. Norfolk - model speed - experimental averages plotted 
in Figures 47 and 49 
Disk 
Model Prototype ^1 ^5 
3 18 2.25 - 0.179 
2.49 0.433 
2.76 0.716 
2.91 0.975 
3.03 1.25 
3.27 1.59 
24 1.82 0.133 
2.01 0.271 
2.05 0.531 
2.24 . 0.723 
2.32 0.944 
2.40 1.18 
6 18 0.871 0.180 
0.981 0.442 
1.02 0.700 
1.08 0.973 
1.15 1.20 
1.17 1.56 
24 0.764 0.132 
0.859 0.335 
0.956 0.552 
1.00 0.724 
1.07 0.930 
1.09 1.23 
12 18 0.303 0.177 
0.379 0.431 
0.405 0.677 
0.474 0.903 
0.482 1.19 
0.592 1.46 
24 0.270 0.133 
0.320 0.325 
0.349 0.528 
0.394 0.701 
0.423 0.921 
0.441 1.14 
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Table 16. Decatur - speed - ô for 18-inch disk predictions 
^5 TTi® 5 
n=2 n=2 n=2 n=4 
3b 6 12 3 to 6 6 to 12 Ave. 3 to 12 
0.20 3.80 1.38 0.50 0.36 0.36 0.36 0.13 
0.40 3.91 1.56 0.59 0.40 0.38 0.39 0.15 
0.60 4.01 1.68 0.68 0.42 0.40 0.41 0.17 
0.80 4.11 1.77 0.77 . 0.43 0.44 0.44 0.19 
1.0 4.20 1.83 0.85 0.44 0.46 2.45 0.20 
1.2 4.27 1.88 0.93 0.44 0.49 0.46 0.22 
1.4 4.32 1.42 1.02 0.44 0.53 0.48 0.24 
values taken from curves in Figure 43. 
^3-, 6-, and 12-inch model disks. 
Table 17. Decatur - speed - ô for 24-inch disk predictions 
^5 TTi* ô 
n=2 n=2 n=2 n=4 
3b 6 12 3 to 6 6 to 12 Avg. 3 to 12 
0.20 3.70 1.28 0.48 0.34 0.38 0.36 0.13 
0.40 3.85 1.40 0.60 0.36 0.43 0.40 0.16 
0.60 3.97 1.48 0.72 0.37 0.49 0.43 0.18 
0.80 4.06 1.54 0.82 0.38 0.53 0.46 0.20 
1.0 4.14 1.58 0.89 0.38 0.56 0.47 0.21 
^2 values taken from curves in Figure 45. 
^3-, 6-, and 12-inch model disks. 
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Table 18. Norfolk - speed - ô for 18-inch disk predictions 
^5 TTl* ô 
n=2 n=2 n=2 n*4 
3b 6 12 3 to 6 6 to 12 Avg. 3 to 12 
0.200 2.28 0.88 0.31 0.38 0.35 0.36 0.14 
0.400 2.45 0.96 0.37 0.39 0.38 0.38 0.15 
0.600 2.62 1.01 0.43 0.38 0.42 0.40 0.16 
0.800 2.77 1.06 0.46 0.38 0.43 0.40 0.17 
1.00 2.91 1.11 0.48 0.38 0.43 0.40 0.16 
1.20 3.03 1.13 0.52 0.37 0.46 0.42 0.17 
1.40 3.16 1.16 0.53 0.37 0.46 0.42 0.17 
^2 values taken from curves in Figure 47. 
^3-, 6-, and 12-inch model disks. 
Table 19. Norfolk - speed - Ô for 24-inch disk predictions 
^5 TTl* ô 
n=2 n=2 n=2 n=4 
3^ 6 12 3 to 6 6 to 12 Avg. 3 to 12 
0.100 1.84 0.73 0.27 0.40 0.37 0.38 0.15 
0.300 2.00 0.85 0.32 0.42 0.38 0.40 0.16 
0.500 2.13 0.93 0.37 0.44 0.40 0.42 0.17 
0.700 2.24 0.99 0.38 0.44 . 0.38 0.41 0.17 
0.900 2.32 1.03 0.41 0.44 0.40 0.42 0.18 
1.10 2.38 1.08 0.44 0.45 0.41 0.43 0.18 
values taken from curves in Figure 49. 
^3-, 6-, 12-inch model disks. 
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Table 20. Norfolk - angle - 5 for 18-inch disk predictions 
^6 
a 
TTi Ô 
n=2 n=2 n=2 n=4 
3% 6 12 3 to 6 6 to 12 Avg. 3 to 12 
35 2.40 0.88 0.36 0.37 0.41 0.39 0.15 
40 2.49 0.93 0.37 0.37 0.40 0.38 0.15 
45 2.54 0.98 0.41 0.38 0.42 0.40 0.16 
50 2.77 1.02 0.47 0.37 0.46 0.42 0.17 
55 2.94 1.10 0.55 0.37 0.50 0.44 0.19 
60 3.13 1.19 0.64 0.38 0.54 0.46 0.20 
values are averages of all runs at a value of TTg. 
^3-, 6-, and 12-inch model disks. 
Table 21. Norfolk - angle - 6 for 24-inch disk predictions 
^6 TTl* Ô 
n=2 a=2 ii-—2 n=4 
3b 6 12 3 to 6 6 to 12 Avg. 3 to 12 
35 2.22 0.78 0.35 0.3: 0.45 0.40 0.16 
40 2.27 0.82 • 0.34 0.36 0.41 0.38 0.15 
45 2.52 0.87 0.36 0.34 0.41 0.38 0.14 
50 2.52 0.96 0.42 0.38 0.44 0.41 0.17 
55 2.71 1.05 0.50 0.39 0.48 0.44 0.18 
60 2.88 1.12 0.56 0.39 0.50 0.44 0.19 
values are averages of all runs at a value of T^. 
^3-, 6-, and 12-inch model disks. 
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Table 22. Decatur - speed - predicted tt-^ 
iTg TTj^ predicted 
6 to 182 12 to 18 6 to 24 12 to 24 
0,20 0.28 0.28 0.17 0.17 
0.40 0.34 0.35 0.22 0.24 
0.60 0.40 0.41 0.27 0.31 
0.80 0.48 0.46 0.31 0.38 
1.0 0.51 0.53 0.33 0.42 
1.2 0.56 0.56 
1.4 0.61 0.65 
^6-inch model disk predicting to 18-inch prototype disk. etc. 
Table 23. Norfolk - speed - predicted tt^ 
^5 Vj^ pred icted ^5 TTj^ predicted 
6^ to 18 12 to 18 6 to 24 12 to 24 
0.20 0.16 0.17 0.10 0.11 0.10 
0.40 0.21 0.20 0.30 0.14 0.13 
0.60 0.24 0.24 0.50 0.16 0.16 
0.80 0.25 0.25 0.70 0.17 0.16 
1.0 0.27 0.26 0.90 0.18 0.17 
1.2 0.28 0.30 1.1 0.19 0.19 
1.4 0.29 0.31 
^6-inch model disk predicting to 18-inch prototype disk, etc. 
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Table 24. Norfolk - angle - predicted average draft 
TTg Predicted average draft (lb) 
6^ to 18 12 to 18 6 to 24 12 to 24 
35 81.4 78.2 118. 132. 
40 82.3 84.8 116. 122. 
45 94.6 89.0 115. 129. 
50 102. 110. 154. 162. 
55 119. 133. 178. 208. 
60 134. 162. 201. 233. 
^6-inch model disk predicting to 18-inch prototype disk, etc. 
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APPENDIX D 
Vertical and Horizontal Sensitivity of 
One-Dimensional Dynamometer 
It will be shown that the vertical sensitivity of the one-dimensional 
dynamometer discussed in the text was small when compared with the 
horizontal sensitivity. 
From beam theory: 
S3 = Mc/I 
where Sg = Stress at the point of interest due to bending (horizontal 
load), 
M = Moment at point of interest, 
I = Area moment of inertia with respect to bending axis, 
c = Distance from axis of bending to point of interest, and 
I = bd3/12 ; 
where b = Width of beam = 1 inch, 
d = Depth of beam = 1/2 inch, and 
c = d/2. 
Also, S^ = F^A 
where S^ = Longitudinal stress in beam due to vertical force, 
F^ = Vertical force, 
A = Area of cross section = bd. 
Let Fjj = Horizontal load, then M = (6)(Fg), since the distance from the 
center of the bearing to the center of the gage was 6 inches. 
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The. Sg. . (36)Fh (¥I bd-" 
and = Fy/bd 
Sb 
S„ ®(S;)-fë)(P) , but 
d = 1/2 inch, so 
|B = 72 (Fy/F^) . 
Experimental data from the prototype tools indicate that F^ is always 
at least twice as large as F^ for a disk under normal operating conditions. 
When a disk was used on the dynamometer, the error in the bridge signal 
due to vertical force was less than one percent and was ignored. 



